Heavy ion particles/Tracks/DSB/γH2AX/DNA damage-recognizing proteins.
INTRODUCTION
Among a variety of radiation induced DNA damage events, double strand breaks (DSB) are the most critical. 1, 2) It is well known that some DSB remaining unrepaired in a cell can potentially result in cell death. Previously, DSB in cellular DNA have been quantitated with pulsed-field gel electrophoresis assays, neutral single cell gel electrophoresis (the comet assay), and the DNA filter elution assay. 3) Since these methods all have a very low efficiency for the detection of DSB damage, the lower limit of DSB detection with these methods is about 100 DSB per cell nucleus. In addition, none of these methods can localize DSB within the nucleus. Recently, the mechanisms involved in DNA DSBrecognition and repair have been defined in more detail, and since these mechanisms involve specific proteins which have been identified, specific antibodies to these proteins are now available. 4) A cytological manifestation of nuclear activity in response to ionizing radiation (IR) is the formation of the socalled IR-induced foci (IRIF). 5) IRIFs are dynamic, microscopically discernible structures containing thousands of copies of proteins, including γH2AX, ATM, BRCA1, 53BP1, MDC1, RAD51, and the MRE11/RAD50/NBS1 (MRN) complex, which accumulate in the vicinity of a DSB. 6, 7) In particular, an immunocytochemical assay capable of specifically recognizing γH2AX has become the gold standard for the detection of DSB. 3, 6, 8) This assay is currently considered to be an extremely sensitive and specific indicator for the existence of one DSB: specifically, one γH2AX focus correlates to one DSB. 9, 10) High linear energy transfer (LET) radiation, such as heavy ion particles, is believed to produce high yields of clustered DNA damage including DSB. [11] [12] [13] [14] A prolonged cell cycle arrest 15) and a slower rejoining of DSB 16) have been reported to occur after exposure to high-LET radiation. However, the repair dynamics of high-LET radiation-induced DNA damage remains poorly understood. Heavy ions were used to study foci involving CDKN1A and other proteins in the MRN complex, and showed that the foci correlated with ion tracks. 17, 18) However, the behavior and localization of γH2AX and other DSB-recognition proteins such as ATM phospho-serine 1981, DNA-PKcs phospho-threonine 2609, NBS1 phospho-serine 343, and CHK2 phospho-threonine 68 after cellular exposure to ionizing radiation have not yet been fully examined. In the work presented here, the visualization of these tracks; i.e. the spatial distribution of DSB as a function of dose after exposure to 500 MeV u -1 iron ions (200 KeV μm -1 ) in human fibroblast cells is described both for structural aspects (immunofluorescent data) as for quantification (flow cytometer). 
MATERIALS AND METHODS

Cells
Irradiation
Exponentially growing cells were irradiated with X-rays or Fe-ions. For X-ray irradiation, a 200-kVp X-ray generator (PANTAK-320S, Shimadzu, Kyoto, Japan) was used with a total filtration of 0.5 mm aluminum plus 0.5 mm copper. Xray dose rates were measured with a thimble ionization chamber (PTW FREIBURG, Freiburg, Germany) at the sample position and the dose rate was about 1 Gy min -1 . For Fe-ions (500 MeV u -1 , 200 KeV μm -1 at the target entrance), the HIMAC at the NIRS in Chiba, Japan was used. Irradiation was conducted using horizontal heavy-ion beams with a dose rate of approximately 3 Gy min -1 , and not using a binary filter for a mono-energetic beam with a narrow Bragg Peak. Kanai et al. 19) measured exposures under these conditions using a calibrated parallel plate ionization chamber and/or a plastic scintillation counter at the sample position. A diameter of the beam was 100 mm. The particle range and sample (cell nuclei) size in the beam direction were 5.9 cm and 7.0 ± 3.7 μm.
Histological studies of histone H2AX phosphorylation
Exponentially growing cells were grown on Lab-Tek ® Chamber Slide TM (177437, Nalge Nunc Int., Rochester, NY, USA). After exposure to Fe-ion beams with a low-angle (5 degrees) between the axis of the ion beam and the plane of the cell monolayer, the cell preparations were fixed with cold methanol for 20 min and acetone for 7 sec. The fixed cells were blocked with 3% skim milk in phosphate-buffered saline (PBS) for 10 min, and washed in TPBS (PBS containing 0.05% Tween 20) for suppression of background noise.
The cells were incubated with anti-phospho-H2AX (ser139) mouse monoclonal antibody (Upstate Biotechnology, Lake Placid, NY, USA) at a 300-fold dilution, anti-phospho-H2AX (ser139) rabbit polyclonal antibody (Trevigen, Gaithersburg, MD, USA) at a 300-fold dilution, antiphospho-ATM (ser1981) mouse monoclonal antibody (Upstate Biotechnology) at a 1,000-fold dilution, antiphospho-DNA-PKcs (T2609) rabbit polyclonal antibody (Abcam, Cambridge, UK) at a 1,000-fold dilution, antiphospho-Nbs1 (ser343) rabbit polyclonal antibody (Novus Biologicals Inc., Littleton, CO, USA) at a 1,000-fold dilution or anti-phospho-CHK2 (Thr68) polyclonal antibody (Cell Signaling Technology, Inc., Danvers, MA, USA) at a 1,000-fold dilution for 60 min at room temperature, washed with TPBS. The cells were then incubated with an AlexaFluor 488-conjugated anti-mouse IgG second antibody (Molecular Probes, Eugene, OR, USA) or an AlexaFluor 555-conjugated anti-rabbit IgG second antibody (Molecular Probes) at a 400-fold dilution for 60 min at room temperature, and washed in TPBS. The slides were stained and mounted with 1 μg ml -1 4', 6-diamidino-2-phenylindole dihydrochloride (DAPI) in SlowFade ® (Molecular Probes). Photographs of the cells were taken with a fluorescence microscope (OLYMPUS BX51, Olympus Optical, Tokyo, Japan). Untreated background noise was suppressed by lowering fluorescent sensitivity. To allow direct comparisons, all of the images were captured using the same parameters. These are opened in Adobe Photoshop CS3 Extended version (Adobe Systems Incorporated, San Jose, CA, USA) and averaged to reduce noise.
Flow cytometry
Exponentially growing cells were cultured in 25-cm 2 flasks. After standard vertical irradiation in flasks, cells were fixed with cold 70% methanol and kept at -20°C for up to 2 weeks before analysis. Cells were centrifuged and rinsed with TPBS. The cells were blocked with rabbit serum for 15 min at room temperature and rinsed with TPBS. The cells were then incubated with anti-phospho-H2AX monoclonal antibody at a 300-fold dilution for 60 min at room temperature, rinsed with TPBS, and then incubated with AlexaFluor 488-conjugated anti-mouse IgG second antibody (Molecular Probes) at a 400-fold dilution for 60 min at room temperature, and rinsed in TPBS. In addition, for determination of cell-cycle distribution by measuring DNA content, cells were incubated for 30 min at room temperature with 1 mg ml -1 RNase and 50 μg ml -1 propidium iodide (PI). Before flow cytometric analysis, samples were filtered through a 35-μm nylon mesh. Samples were analyzed using a flow cytometer (Becton Dickinson, San Jose, CA, USA). Three independent experiments were performed for each data point. Mean values of γH2AX intensity (MV) was calculated according the formula; MV = Mx -Mc, where Mx was recorded the mean γH2AX fluorescence at each time points after the treatment and Mc was recorded the mean γH2AX fluorescence at untreated control.
Western blotting analysis
Exponentially growing cells were cultured in 25-cm 2 flasks. After standard vertical irradiation in flasks, lysates from irradiated cells were prepared as previously described. 20) Aliquots containing 10 μg of protein were subjected to Western blotting analysis. After electrophoresis on 15% polyacrylamide gels containing 0.1% SDS, proteins were transferred electrophoretically onto Poly Screen PVDF membranes (Dupont/Biotechnology Systems, NEN Research Products, Boston, MA, USA). The membranes were then incubated with anti-phospho-H2AX monoclonal antibodies, anti-phospho-BRCA1 (ser988) mouse monoclonal antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-phospho-CHK2 rabbit polyclonal antibodies (Cell Signaling) and anti-actin rabbit polyclonal antibodies (Santa Cruz Biotechnology). For visualization of the bands, horseradish peroxidase-conjugated anti-mouse IgG antibody (Zymed Labs. Inc., San Francisco, CA, USA) for phospho-H2AX and phospho-BRCA1, and horseradish peroxidaseconjugated anti-rabbit IgG antibody (Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA) for phospho-CHK2 and actin were used with the BLAST ® : Blotting Amplification System (DuPont/Biotechnology Systems).
RESULTS
Quantitation of track numbers
The formation of γH2AX foci was not detected in untreated cells (Fig. 1a) . Typical images of Fe-ion induced γH2AX foci are shown in Figs. 1b-e. γH2AX foci were observed with anti-γH2AX antibodies (green) and the nuclei were stained with DAPI (blue). All the detected trajectories were almost parallel to each other inside of individual nuclei. At least 100 nuclei were counted from the microscopic images. As a result of the measurement by Scion Image (Scion Corp, Frederick, MD, USA), the area sizes of the nuclei was 152.9 ± 42.2 μm 2 . The parameters used for calculation were nuclear area, LET and irradiation dose. The number of tracks induced by Fe-ions corresponded well with calculated values. Fe-ion (500 MeV u -1 ; 200 KeV μm -1 ) doses of 0.3, 0.6, 0.9 and 1.2 Gy produced an average number of 1, 2, 3 or 4 tracks in each cell nucleus, respectively.
Phosphorylation of histone H2AX
It was difficult to count the exact number of γH2AX foci because the foci were spaced closely together along the tracks (Fig. 1) . Thus the intensity of the γH2AX signals was assayed with flow cytometry. Typical flow cytometry histograms of radiation-induced phosphorylation of H2AX are shown in Fig. 2a . When cells were fixed 30 min after irradiation, straight lines generated a good fit to a graph plotting the mean values of γH2AX intensity of cells treated with Xrays or Fe-ions vs different doses in G1-, S-and G2/M-phases (Fig. 2b) . The dose-response for γH2AX was similar with exposure to Fe-ions or X-rays in among phases ( Fig. 2a and  2b) . After exposure to Fe-ions or X-rays, cells were cultured for 5 min, 30 min, 2 h, 8 h and 24 h. The intensity of the γH2AX signal was observed to increase rapidly and reach a maximum at 30 min after either type of irradiation (Fig. 2c) . A higher intensity of the γH2AX signal was observed thereafter in cells irradiated with Fe-ions than in cells irradiated with X-rays (Fig. 2c) , though cell cycle arrest was not detected by high-LET irradiation (Fig. 2d) .
Quantitation of DNA damage -recognizing proteins
To compare H2AX, BRCA1 and CHK2 phosphorylation after exposure to the two types of ionizing radiation, cells were irradiated with Fe-ions and X-rays. After 0.5, 8 and 24 h post-irradiation incubation, proteins were extracted and DNA damage-recognition proteins were analyzed with Western blotting. A representative blot is shown in Fig. 3 . A higher intensity of phosphorylated H2AX, BRCA1 and CHK2 signals remains longer in the cells irradiated with Feions when compared to cells irradiated with X-rays (Fig. 3) . Phosphorylated BRCA1 and CHK2 in particular showed almost no decrease in signal strength at 24 h after irradiation with Fe-ions. In contrast, lower levels of these proteins were apparent at 24 h after exposure to X-rays.
Spatial colocalization of DNA damage-recognizing proteins
The data presented in Fig. 4 demonstrate that ATM phospho-serine 1981, DNA-PKcs phospho-threonine 2609, NBS1 phospho-serine 343 and CHK2 phospho-threonine 68 all co-localize with γH2AX along tracks of Fe-ion induced DSB.
DISCUSSION
The figures shown here provide a visualization of Fe-ion tracks inside of nuclei in human cells by utilizing immunocytochemical methods with antibodies recognizing γH2AX (Fig. 1) . This assay is quite sensitive and is a specific indicator for the existence of a DSB.
9,10) Although the particle track structure (i.e. radial extension) of the ions should be taken into account in the interpretation of expected numbers of tracks and foci, the number of tracks corresponded well with calculated values (Fig. 1) . The spatial distribution of DNA lesions within the cell nucleus produced by charged particles depended on the ion track structure as well as the random nature of ion impact parameters relative to the cell nucleus, and on the Poisson distribution of the number of hits per cell. 11, 21) The clear visualization of parallel tracks inside individual nuclei, and the alignment of all the strips or tracks within individual samples provides indirect evidence that these patterns were generated by individual particles from the irradiating Fe-ions (Fig. 1) .
In these conditions, a remarkable arrest of cell cycle was not detected, though S-phase fraction was slightly decreased and G2/M-phase fraction was slightly increased in both cells irradiated with X-rays or Fe-ion beams (Fig. 2d) . Analysis of the post-irradiation kinetics of γH2AX fluorescence with flow cytometry revealed a pattern which suggests that slower damage processing occurs after high-LET irradiation (Fig.  2) , and these conclusions are supported by other recently published findings. [22] [23] [24] Similar results were obtained when examining phosphorylated BRCA1 and CHK2 proteins remaining in cells irradiated with Fe-ions and compared to cells irradiated with X-rays (Fig. 3) . The cell utilizes two principal pathways for the repair of DSB: homologous recombination (HR) and nonhomologous end-joining (NHEJ). 25, 26) HR is mediated through multiple proteins, including the RAD51/RAD52 recombinases, BRCA2 and BRCA1. BRCA1 co-localizes with BRCA2 and RAD51 and forms IRIF containing RAD51 proteins. 27) In contrast, NHEJ is typically an error-prone process in which nucleotide alterations are tolerated at the sites of rejoining. Recently, a regulatory model has been proposed in which BRCA1 in conjunction with CHK2 promote error-free HR while at the same time inhibiting putatively error-prone NHEJ.
28) The direct cause of such slow repair is not known, but it has been speculated that it involves difficulties in the binding of repair proteins to DNA at multiple damaged sites or that it requires alternative repair pathways.
γH2AX induction following exposure to IR is reported to be mediated by ATM and DNA-PK.
29) The phosphorylation of H2AX by ATM occurs at sites of DSB in the cell nucleus whereas ATM autophosphorylation is thought to take place throughout the nucleoplasm. When ATM interacts with NBS1 after exposure to IR, ATM contributes to the phosphorylation of H2AX. In recent work, the NBS1 C-terminal ATM interaction motif was found to be required for the effective phosphorylation of the ATM target at DSB sites in DNA. 30) When ATM molecules and/or the C-terminal region of NBS1 are absent however, DNA-PK can contribute to the Fig. 3 . Western blotting analysis of H2AX phosphorylation induced by X-rays and Fe-ions. Equal protein loading in each lane was confirmed by using actin protein as a control.
phosphorylation of H2AX without any interaction between ATM and NBS1.
30) It was reported that not only H2AX phospho-serine 139, but also ATM phospho-serine 1981, 31) DNA-PKcs phospho-threonine 2609, 32, 33) NBS1 phosphoserine 343 34) and CHK2 phospho-threonine 68 35) were all detectable after the introduction of only a few DNA DSB in the cell. To visualize these proteins along Fe-ion tracks, antibodies to these phosphoproteins were used. Since untreated background noise was suppressed by repeatedly washing in TPBS and by lowering fluorescent sensitivity, this method provided a highly sensitive detection system. The work here shows that ATM phospho-serine 1981, DNA-PKcs phosphothreonine 2609, and NBS1 phospho-serine 343 all colocalized with γH2AX at Fe-ion tracks (Fig. 4) . In addition, CHK2 phospho-threonine 68 was detected at Fe-ion tracks in part of the cells (Fig. 4) . This may be important in relation to cell cycle phase and participation of CHK2 in a HR pathway. 28) Although there are contradictive data, 7, 36) our results confirm data that threonine 68 of CHK2 is phosphorylated at sites of DNA strand breaks. 35) These findings suggest that Fe-ions are quite effective for the generation of DNA damage leading to DSB which are recognized by DNA DSB recognition enzymes in their phosphorylated forms, and that Fe-ions can be used to generate extremely localized DNA damage within restricted regions in the nucleus. However, further investigations are still necessary to define the structure of the ion track with core and penumbra region and also consider the influence of local dose increase by overlapping tracks.
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